Introduction
While the beneficial properties of Edge Localised Modes (ELMs) have resulted in the adoption of the ELMy H-mode as the standard operating scenario for ITER, ELMs in ITER have the serious drawback that they will cause unacceptable heat loads to plasma facing components. Since the energy released per ELM is found to scale with the time delay between ELMs, a possible solution to this problem could be to control the ELM frequency f elm , in order to avoid ELMs with large amplitudes. This paper reports attempts made on TCV to control the ELM frequency, using a magnetic trigger signal provided by sets of poloidal field coils situated either inside or outside the vacuum vessel.
Internal and External Coil Excitation
In these experiments, voltage perturbations are applied to either the internal or inboard side external poloidal magnetic field coils (G-coils or E-coils respectively) during single null ELMy H-mode discharges with stationary conditions. The G-coils are located at the top and bottom of TCV within the vacuum vessel and are routinely used for rapid response feedback vertical stabilisation of the plasma. The perturbation signal to the G-coils was added to the vertical stabilisation feedback loop and consisted of a series of square pulses of 1ms duration, with a variable delay between pulses. This produced spike -like pulses in the current to the G-coil (up to 2kA) that resulted in deviations in the plasma vertical position of up to 5 mm. The input signal was produced by an arbitrary waveform generator, and could be tailored to increase the coupling efficiency with the ELM dynamics. Figure 1 shows an example of G-coil excitation during a SNL ELMy H-mode in which the perturbation consisted of three 200 ms long bursts of negative top-hat pulses at 200Hz, separated by 100 ms off periods. During the first burst period, a denistygas control feedback oscillation prevented stationary ELMy H-mode operation, resulting in an ELM-free phase for 50 ms. With this exception, f elm remains locked to the driver signal for most of the first, second and half of the third bursts. During the second burst, three breakages in synchronisation occur, and halfway through the third burst synchronisation is lost and not recovered. Inbetween the bursts, f elm relaxes to a value as low as half that of drive signal. The E-coils are a linear array of eight coils located along the central column of the ohmic field transformer coil, exterior to the vacuum vessel, and are routinely Time [s] 30th EPS Conference on Contr. Fusion and Plasma Phys., St. Petersburg, 7-11 July 2003 ECA Vol. 27A, P-3.128 used for position and shape control. Only E-coils 5 and 6, which straddle the veritcal position of the magnetic axis in the SNL discharges used in this experiment, were used. The input pulse train signal in this case was added to the programmed reference signals for each coil. The maximum sampling rate for programmed signals in the plasma control system is 1kHz, and two samples were used for the up and down phases of each pulse. This, and the field penetration time through the vacuum vessel limited the bandwidth of perturbations that could be excited using the E-coils to less than 167 Hz. Figure 2 shows an example in which the drive frequency was scanned from 167 to 83 Hz. Again a density gas feedback control oscillation caused ELM-free phases during the early part of the discharge. As stationary conditions developed, a correlation between f elm and f D becomes visible, with f elm oscillating between the fundamental and first harmonic of f D , before settling on the harmonic after about 1 second.
The Triggering Mechanism
The perturbations used in these experiments were designed to cause rapid deviations in the plasma vertical position which, due to the up-down asymmetry of the vacuum field for the single null configurations used, would result in purturbations of the edge current density J edge . In so doing, the perturbations were aimed at activily triggering ELM events by destabilising current driven modes close to the plasma edge, which are currently thought responsible for ELMs. It may also be expected that the changing coil currents will affect J edge by modulating the surface loop voltage. Figure 3 shows a comparison of the perturbed parameters and ELM occurrence probabilities for three discharges perturbed by G-coil excitations that showed significant coupling to the driver signal. Each parameter is phase coherently averaged with respect to the perturbation onset times. The ELM occurrences from -2 to +4 ms with respect to the perturbation onset times were histogrammed to estimate the probability of an ELM occurring P elm during this time window. Discharges #20333 and #20334 are SNL configuration, while discharge #22768 is SNU configuration, as indicated in the figure. In each discharge, the input perturbation signal was a symmetric square pulse, with the polarity of the pulse reversed for discharge #20334. Note that for the two SNL discharges, the peak in P elm corresponds to the upward movement of the plasma, whereas for the SNU discharge it corrresponds with the downward movement of the plasma, and that the peak in P elm in #20333 occurs well after the input voltage pulse has passed. This figure indicates that ELMs correlated with the driver signal are most probable when the plasma moves in a direction away from the active X-point. It can be argued simply that this direction will cause a positive excursion in J edge . The DINA code, a free boundary equilibrium solver that includes the trans- port of poloidal flux and thermal energy under the assumption of instantaneous force balance [2], was used to estimate the size and timing of the perturbation in J edge , for these three discharges. DINA was previously equiped to model the full TCV plasma control system, including all poloidal field coils, power supplies and diagnostics. A high radial resolution was used to observe the effect of an inward diffusing current perturbation in response to multiple pulses, and the results were coherently averaged to produce figure 4. This figure shows that sense of the perturbed J edge is as expected, and that variations in J edge in response to vertical displacements is about 10% of the unperturbed value.
An Illustrative Model
There are a number of interesting features of the driven dynamical system that may provide some insight to what type of dynamical models can adequately describe ELMs. One such feature is the set of three momentary losses in frequency tracking seen in figure 1, during the second 200 ms burst. Such events have been found to occur repeatedly in particular cases, for example #20333 shown in the top row of Figure 6 , in which the frequency tracking was otherwise particularly strong. It is interesting to consider whether a simple model of the ELM cycle can produce such behaviour under the action of a driver. To this end we consider a simple way in which J edge and pressure gradient p´at the H-mode pedestal may be dynamically linked and include an abrupt drop in pẃ hen a boundary in (p',J) space is exceeded. If only a small layer of fixed width ∆x is considered then p´ is given by p/∆x, and the model equation for p is:
where Q in represents the net power flux through at the plasma edge, the term in brackets represents fluctuations in power flux (described by ε(t) ) of amplitude σ, and Wp describes the loss in p due to an ELM. W is given by:
for J > J crit and 0 otherwise, where τ mhd is an ideal growth rate and J crit parameterises the marginal stability boundary, which is chosen to be a parabolic function resembling that proposed by detailed MHD instability analysis [3] . The equation for J is:
where J SS is the steady state current (ohmic +bootstrap ∝ p´), J ext is the externally driven current perturbation and τ R is a resistive timescale for current redistribution. Figure 5 shows the limit cycle trajectory repre- senting the unperturbed ELM cycle, the curves for J crit , dp/dt = 0 and dJ/dt = 0, and also the timeseries for J, p, -dJ/dt and -dp/dt. An external sinusoidal perturbation J ext was added to J, and the frequency was ramped smoothly as in discharge #20333. Rows 2 to 4 of Figure 6 show the model f elm and ELM phase with respect to the driver for three cases in which the fluctuation level was increased. For σ = 0, the model f elm tracks f D everywhere except the high and low frequency ends of the f D sweep, where regular oscillatory excursions in f elm occur. This behaviour is characteristic of a phenomenon known as "periodic pulling" [4] found in dynamical systems analogous to the driven van der Pol oscillator. As σ is increased, these excursions in f elm begin to resemble those seen in #20333, suggesting that periodic pulling may be the root cause of these excursions in the experiment. That said, it is known that ELM dynamics are also very often coupled to the sawtooth frequency f st in TCV [5] . The top plot in Figure 7 shows that this is indeed the case in discharge #24542 (shown in Figure 1 ) when the driver is off, and that the driver unfortunately corresponds with roughly twice f st . It is interesting that abrupt excursions in f elm from f D appear to occur as twice f st drifts away from f D . An attempt to include the coupling effect of sawtooth heat pulses arriving at the plasma edge was made by adding a sinusoidal oscillation to Q in . The lower plot in figure 7 shows an example in which Q in was modulated by 40%, and J was strongly driven at close to twice f st . The two perturbations are offset in time to allow the effect of each one separately as well as their combination to be seen. This plot shows that perturbations in Q in can cause interruptions in the synchronisation to the driver. The competitive effect of sawtooth heat pulses in ELM magnetic triggering experiments is a subject of further study in TCV. 30th EPS Conference on Contr. Fusion and Plasma Phys., St. Petersburg, 7-11 July 2003 ECA Vol. 27A, P-3.128 
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